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Magnetic properties of the electride compound Y2C were investigated by muon spin rotation and magnetic
susceptibility on two samples with different form (poly- and single-crystalline), to examine the theoretically-
predicted Stoner ferromagnetism for the electride bands. There was no evidence of static magnetic order in
both samples even at temperatures down to 0.024 K. For the poly-crystalline sample, the presence of a param-
agnetic moment at Y sites was inferred from the Curie-Weiss behavior of the muon Knight shift and suscepti-
bility, whereas no such tendency was observed in the single-crystalline sample. These observations suggest that
the electronic ground state of Y2C is at the limit between weak-to-strong electronic correlation, where onsite
Coulomb repulsion is sensitive to a local modulation of the electronic state or a shift in the Fermi level due to
the presence of defects/impurities.
Electrides are a class of materials in which electrons serve
as anions (without atomic nuclei) in the positively charged lat-
tice framework sustained by covalent bonds [1, 2]. In view of
their promising properties such as high electrical conductivity,
low work function, and significant catalytic activity in their
ideal form, electrides are drawing much attention from the re-
search community. However, most of the reported electrides
are not stable under ambient atmosphere [2, 3], which leads to
the difficulty in the development of possible applications. The
first non-aerophobic electride compound that paved the way
to various applications was mayenite, [Ca24Al28O64]4+4e−
(C12A7:e−), which was reported in 2003 by Matsuishi et al.
[4]. Mayenite has positively charged nano-sized Ca-Al-O
cages and endohedral electrons that maintain charge neutral-
ity of the unit cell. The electrons at the cage center move to
an empty neighboring cage by quantum tunneling, thus con-
tributing to the high electric conductivity. Despite its low
work function (∼2.4 eV, comparable to that of alkali-metals),
C12A7:e− is stable in ambient environment [5] and can there-
fore be used in a wide range of applications [6–12].
Recently, a layered nitride compound with the formula
Ca2N was reported to be an electride [13, 14], in which, based
on bulk property measurements as well as on a recent ARPES
study in combination with density functional theory (DFT), it
was proposed that electrons were extended in two-dimension
(2D) over the interlameller space between the calcium lay-
ers [15]. Since the dimensionality of the anion electrons plays
an important role in determining the bulk electronic properties
of the material, 2D electrides are currently under spotlight in
materials science research.
Yttrium carbide Y2C is one such compound, which has
attracted much attention in recent time, as it is isostruc-
tural to Ca2N [16, 17]. The lattice structure of these two
compounds [shown in Fig. 1(a)] belongs to the space group
R3¯m with the lattice constant for the a (c)-axis being 3.6164
(17.9651) Å for Y2C. A DFT calculation suggests 2D elec-
tride features similar to Ca2N [17] for this compound, where
the electron band near the Fermi energy consists of Y 4d or-
bitals and the 2D electronic states are present between the Y
layers. While these predicted band structures [14, 17, 18]
have been confirmed by angle-resolved photoemission spec-
troscopy (ARPES) [15, 19], the interesting possibility of fer-
romagnetic instability associated with electride bands, which
has been suggested for Y2C [18] is yet to be observed experi-
mentally.
In this communication, we report on the investigation of the
magnetic properties of Y2C using muon spin rotation (µSR)
experiment on poly- (pc) and single-crystalline (sc) samples,
which show different behavior in their uniform susceptibili-
ties (χ). While other spin probes including 89Y NMR provide
information for on-site spins, implanted muons can be more
sensitive to the spin polarization of interlayer electrons. From
µSR measurements under zero external field (ZF-µSR), it was
inferred that both samples showed no sign of magnetic or-
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FIG. 1: (Color online) (a) Crystal structure of Y2C. Blue and black
symbols represent Y and C atoms and the region hatched in pink
shows the 2D-electron layer. Muon site predicted from the VASP
calculation is shown by the green symbol. (b): Powder X-ray diffrac-
tion pattern of poly-crystalline Y2C sample used in the present study.
Vertical blue marks represent Bragg reflections assuming R3¯m space
group. The halo peak near 20◦ originates from the sample cell.
2der (including antiferromagnetism) at low temperatures down
to 0.024 K. Muon Knight shift measurements indicated that
the observed Curie-Weiss behavior of pc χ was caused by
localized moments (∼1µB, with µB being the Bohr magne-
ton) at the Y sites. This result points to the important role
of onsite electronic correlation in understanding the electride
band and that, even a slight modulation of the local electronic
state or a Fermi level shift due to the presence of carbon de-
fects (often inherent) and/or impurities, causes local moments
at the Y sites to appear. In contrast, the sc sample exhib-
ited a temperature-independent negative Knight shift, much
greater than that expected by the Pauli paramagnetism, sug-
gesting that hitherto unknown contributions from orbital dia-
magnetism specific to the electride band may be present.
Poly- and single-crystalline samples were synthesized by
arc melting and floating-zone method, respectively. The de-
tails of crystal growth and characterization of the samples are
reported elsewhere [17, 20]. Figure 1(b) shows the powder X-
ray diffraction pattern measured at room temperature for the
pc sample. The diffraction pattern is in perfect accordance
with the standard reported structure and lattice constants, in-
dicating that the pc sample consists mostly of a single-phase.
While measurements of χ show no indication of bulk ferro-
magnetism in both pc and sc samples, a contrasting behavior
with respect to the Curie-Weiss law (see below) is observed
for the two samples.
Conventional µSR measurements were performed at TRI-
UMF, Canada, where the time-dependent ZF-µSR spectra
[positron decay asymmetry, Az(t)] were obtained using the
Lampf spectrometer for the temperature range 2–300 K and
the DR spectrometer for the 0.024–4 K range. In addi-
tion, Knight shift measurements were performed under a high
transverse field of Bext = 6 T (HTF) and the HiTime spectrom-
eter was used to monitor the spin precession [Ax(t)]. A 100%
spin-polarized muon (µ+) beam was implanted to the samples
with the initial spin polarization parallel (ZF) or perpendicular
(HTF) to the beam momentum direction zˆ. The samples were
loaded to cryostat under He gas atmosphere to avoid degrada-
tion, and it was confirmed after µSR measurements that their
appearance was unchanged. For the HTF-µSR measurements
on sc sample, Bext was parallel to the c-axis. The relative un-
certainty in Bext at the sample position (8 × 8 mm, thickness
∼1 mm) was controlled to within ∼±2 ppm.
Figure 2 (a) and (b) show typical examples of normalized
ZF-µSR time spectra, where all the spectra exhibit a slow
exponential-like damping and irrespective of sample qual-
ity, little variation is observed with temperature. This result
demonstrates the absence of static magnetic order (antiferro-
magnetism in particular, which is often overlooked by χ) over
the temperature range investigated (0.024–300K), which is in
accordance with the paramagnetic behavior of χ. The spectra
were then analyzed by curve fitting, assuming the following
function,
Az(t) = A0Gz(t) = Ase−λt +ABG, (1)
whereA0 is the total decay asymmetry at t = 0, λ is the depo-
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FIG. 2: (Color online) Typical examples of ZF-µSR spectra for (a)
poly and (b) single-crystalline samples. Solid curves are the best fits
as described in the text. (c) Temperature dependence of muon de-
polarization rate λ deduced from curve fit analysis. Open (closed)
symbols represent data obtained by using the Lampf (DR) spectrom-
eter.
larization rate due to random local fields arising from param-
agnetic spins,As andABG represent the partial asymmetry of
signals from muons stopped in the sample and T -independent
background signal due to the sample holder. The temperature
dependence of λ is shown in Fig. 2 (c), which can be qualita-
tively understood to be due to the slowing down of paramag-
netic fluctuation in both samples.
The corresponding temperature (T ) dependence of χ =
M/H for the two samples are shown in the left axis of Fig. 3(a)
and Fig. 4. Here, it is seen that for the pc sample, χ exhibits
a divergent behavior with decreasing temperature with an en-
hanced gradient below ∼20 K. In contrast, χ for the sc sample
is mostly independent of temperature, suggesting the predom-
inant contribution of Pauli paramagnetism. We note that pre-
vious measurement on the same sample batch has shown that
the magnitude of anisotropy, evaluated by crystalline orien-
tation dependence of χ, was very small [20]. For both the
samples, the χ-T curve is well reproduced when using a mod-
ified Curie-Weiss law in the form χ(T ) = χ0 +C/(T −Θ), and
the parameters deduced from least-square fits are listed in Ta-
ble I. The large negative Θ in the pc sample indicates antifer-
romagnetic correlation between the local moments, whereas
Θ ≃ 0 in the sc sample, indicating that paramagnetism aris-
ing from impurities has the dominant contribution to χ in this
material. Assuming that the local moments reside on the Y
site, the effective magnetic moment (µeff) is deduced, to be
0.564(2)–0.605(2)µB/Y for the pc sample and 0.0427(2)µB/Y
for the sc sample. While these values are comparable to those
reported previously [17, 20], they are in marked contrast with
the recently reported values on a sc sample that also exhib-
ited significant magnetic anisotropy with the c-axis as the easy
axis [21].
To investigate the origin of the Curie-Weiss/Pauli param-
agnetic behavior inferred from χ, we performed high preci-
sion muon Knight shift measurements for the two samples for
2 ≤ T ≤ 300 K. Time spectra were analyzed by curve fitting
3TABLE I: Parameters obtained from curve fits for χ(T ) using
modified-Curie-Weiss law (see text). Temperature ranges used for
fitting were 50–300 K and 1.8–300 K for the poly- and single-
crystalline samples, respectively.
χ0 [emu / mol] Θ [K] µeff [µB / Y]
Poly (0.4 T) 2.236(5)×10−4 −242.3(5) 0.564(2)
Poly (6 T) 1.69(4)×10−5 −264.2(4) 0.605(2)
Single (1 T) 2.28(4)×10−4 −3.41(3) 0.0427(2)
using the following function,
Ax(t) = A0Gx(t) = Ase−λt cos(ωt + φ),
where ω = γµBlocal, is the angular frequency of spin preces-
sion for muons stopped in the sample, Blocal is the internal
magnetic field at the muon site, γµ(= 2pi × 135.53 [MHz/T])
is the muon gyromagnetic ratio, and φ is the initial phase of
rotation (We note that ABG ≃ 0 for this experimental condi-
tion). The Knight shift Kµ is then deduced from the following
equations,
Kµ =
ω − γµBext
γµBext
− KD =
Aµ
NAµB
χloc,
KD = (4/3pi − N) χ,
where Aµ is the muon hyperfine parameter, NA is the Avo-
gadro number, χloc is the local susceptibility probed by the
muon, KD is the correction term for Lorentz and demagnetiza-
tion fields with N (≃4pi) being the demagnetization factor, and
χ is the uniform susceptibility. Bext was simultaneously mon-
itored from the precession frequency of muons stopped in the
sample holder placed under the sample that also served as a
muon “veto” counter (made out of CaCO3). This veto counter
enables to an independent recoding of the signals coming from
sample and the holder.
The temperature dependence of Kµ for the pc sample is
shown in the right axis of Fig. 3(a), where a behavior qual-
itatively similar to that of χ(T ), but with the opposite sign, is
seen. The correlation of Kµ versus χ shown in Fig. 3 (b) (Kµ-χ
plot) exhibits a straight line, which clearly shows that the lo-
cal susceptibility probed by the muon is proportional to χ(T ).
This demonstrates that the Curie-Weiss behavior of χ is not
due to dilute impurities, but is intrinsic to the electronic state
of the pc sample. The corresponding hyperfine parameter is
deduced to be Aµ = −52.6(3) [mT/µB/Y].
According to Hartree potential calculation for the inter-
stitial muon using the Vienna ab initio Simulation Package
(VASP) [22], the muon site is estimated to be at the inter-
layer 3c site (0, 0, 0.5) corresponding to the center of the
2D-electron cloud (see Fig. 1). We note that combined X-
ray and neutron powder diffraction measurements on deuter-
ated Y2CDx with x = 2 and 2.55 (fully deuterated) reveal
that deuterium also occupies interlayer space between Y lay-
ers [23, 24]. While crystal structures of the deuteride are dif-
ferent from the present compound, one of the deuterium site
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FIG. 3: (Color online) (a) Temperature dependence of the magnetic
susceptibility χ = M/H (left axis) and muon Knight shift Kµ (right
axis) for the poly-crystalline sample measured under Bext = 6 T. (b):
Clogston-Jaccarino plot (Kµ-χ plot) for the pc sample. Dashed line
represents the best fit obtained by the linear function and its gradient
corresponds to hyperfine-coupling constant Aµ.
reported for Y2CD2.55 corresponds to the muon site described
above.
Since the muon-electron hyperfine interaction is predom-
inantly determined by magnetic dipolar interaction, the hy-
perfine parameter is calculated using the dipolar tensor Adip
for the muon site (see Supplemental Material [25] for more
details). For the better evaluation of Adip which depends on
the local atomic configuration, we calculated structural relax-
ation around the muon site using the OpenMX code, which is
based on the DFT+GGA and norm-conserving pseudo poten-
tial method [26]. Assuming 1µB at the Y site, the magnitude of
hyperfine parameter effective for the shift was approximately
evaluated by the root mean square of the diagonal elements of
Adip to yield
∣
∣
∣
∣A
dip
av
∣
∣
∣
∣ ≃ 73.3 [mT/µB] [25]. A comparison with
the experimentally obtained value yields the moment size at
the Y site to be, |Aµ|/
∣
∣
∣
∣A
dip
av
∣
∣
∣
∣ ≃ 0.718(4)µB, which is in line with
µeff estimated from the measurement of uniform susceptibility
for the pc sample (see table I). We also made a more realis-
tic evaluation based on the powder pattern [25, 27], where the
hyperfine parameter Adippwdr is derived from a principal value
of diagonalized Adip, yielding −27.18 [mT/µB]. The compar-
ison with the observed hyperfine parameter (Aµ) yields the Y
moment size of 1.94(1)µB, which is considerably greater than
that estimated from the Curie-Weiss analysis. While this in-
consistency may suggest the possibility of other muon stop-
ping site(s), the conclusion is unchanged that the Curie-Weiss
behavior in the pc sample is due to the localized moments of
the 4d electrons at the Y site.
The DFT calculation has shown that ferromagnetic insta-
bility (Stoner type) in Y2C is indeed suppressed when consid-
ering the onsite Coulomb energy (U) for the 4d orbital [18].
Therefore, the absence of magnetic order as well as the ap-
pearance of localized moments at the Y site in the pc sam-
ple strongly suggest the importance of electron correlation in
gaining a detailed understanding of the electronic ground state
in Y2C. In fact, ARPES experiments have shown that the ob-
served band structure is better described by DFT calculation
where U for the 4d orbital [19] is taken into account. How-
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FIG. 4: (Color online) Temperature dependence of molar magnetic
susceptibility χ = M/H measured under 1 T (left axis) and muon
Knight shift Kµ under Bext = 6 T (right axis) for single-crystalline
Y2C. The external magnetic field was parallel to the c-axis.
ever, we note that our result does not necessarily disfavor the
recently suggested scenario that attributes the discrepancy be-
tween ARPES and DFT to the surface state stemming from
“topological” nature of the electride band [28].
Considering the case of the sc sample, the temperature de-
pendence curve for Kµ shown in the right axis of Fig. 4 indi-
cates nearly no dependence on temperature; here, it is noted
that once again, a behavior similar to that of χ(T ) is ob-
served. This indicates the absence of localized moments in
our sc sample, which is qualitatively in line with the phe-
nomenon of Pauli paramagnetism expected in conventional
metals. The totally contrasting result obtained for the pc sam-
ple suggests that the electronic ground state of Y2C is at the
limit between weak-and-strong electronic correlation, where
effective shielding of the onsite Coulomb repulsion between
the 4d electrons in the electride band may be sensitive to
local modulation or to a shift of the Fermi level due to de-
fects/impurities. A detailed impurity analysis indicates that
the sample can be unintentionally doped with tungsten dur-
ing melting process [29] and can also contain a few percent
of carbon deficiency that may lead to electron doping [20].
It is reasonably speculated that such difficulty in controlling
impurities may be the background for the prevailing sample
dependence.
Remarkably, Kµ in the sc sample exhibits a negative value
(−40 to −50 ppm). It should be noted that Kµ for the conven-
tional metals exhibits a positive shift, which is proportional to
the density of states at the Fermi surface; the shift due to s
electron is given by
Ks =
8pi
3
∣
∣
∣φkF(0)
∣
∣
∣
2
χp > 0,
where χp is the Pauli paramagnetic susceptibility and φkF(0) is
the amplitude of the s-electron wave function at the muon po-
sition. Considering the observation that the negative Knight
shift in metals with positive bulk susceptibility is limited to
metals such as Ni, Pd, Pt and those exhibiting strong s-d
hybridization [30–34], the observed result for the sc sample
may be related to the hybridization of the 4d and the electride
bands. Another possibility would be the presence of orbital
diamagnetism specific to the 2D electride band, the micro-
scopic details of which are yet to be clarified. In any case,
more work is needed to achieve a clearer understanding of the
anomalous negative Knight shift in diamagnetic Y2C.
In summary, our µSR study on pc- and sc-Y2C revealed
that both samples showed no sign of static magnetic order at
temperatures down to 0.024 K. From muon Knight shift mea-
surements, it was concluded that the emergence/absence of
localized moments at the Y sites in both pc- and sc-samples
owes its origin to the intrinsic electronic properties of Y2C,
which are sensitive to defects and impurities. Taking into
account predictions from DFT calculations, this sensitivity
may be attributed to the electronic correlation of the electride
band inherited from the Y 4d orbital, which also leads to the
suppression of Stoner instability. Finally, the temperature-
independent negative Knight shift observed in the single-
crystalline sample points to a hitherto unknown contribution
of orbital diamagnetism specific to the electride band.
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